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SEISMIC DETECTION OF TRAPPED MINERS USING IN-MINE GEOPHONES 
by 
James Am Powel l  1 and Richard Am Watson 2 
ABSTRACT 
A seismic system which u t i l i z e s  in-mine geophones to  de tec t  trapped 
miners has been developed. Tes ts  a t  t h e  Bureau of Mines Safety Research Mine 
a t  Bruceton, Pa. ,  and a t  two opera t ing  mines i n d i c a t e  such a  system has a  max- 
imum de tec t ion  range i n  excess of 1,000 f e e t .  The system i s  fieldworthy and 
por table  and requ i re s  l e s s  than 30 minutes t o  s e t  up and check. Real-time 
de tec t ion  i s  poss ib le .  
INTRODUCT I O N  
I n  1970, the  National  Academy of ~ n ~ i n e e r i n ~ ~  reported t h a t  a  seismic 
system might be capable of de tec t ing  and loca t ing  trapped miners. They 
described a  system i n  which t h e  miners would s t r i k e  the  f l o o r ,  r i b ,  or roof of 
the  mine with a  s ledge,  a  roof beam, or  any o ther  l a rge ,  heavy objec t  they 
could f ind .  The r e s u l t i n g  v ib ra t ions  would t r a v e l  t o  the  surf  ace where they 
would be converted t o  e l e c t r i c  s igna l s  by seismic t ransducers  (geophones) . 
These s igna l s  would be amplif ied,  f i l t e r e d ,  and recorded. By comparing 
a r r i v a l  times a t  s eve ra l  d i f f e r e n t  geophone loca t ions ,  t he  trapped miner would 
be located.  
I n  1971 and 1972, under Bureau of Mines con t rac t s  H0101262 and H0210063, 
Westinghouse E l e c t r i c  Co. b u i l t  and t e s t ed  such a  system. Under c e r t a i n  fav-  
orable  combinations of geologic condi t ions ,  mine depth, and background noise ,  
the  system worked. However, when the  system was taken t o  a c t u a l  mine d i s a s -  
t e r s ,  measurement a t  the  d i s a s t e r  s i t e  indica ted  t h a t  t h e  noise  generated by 
surface  rescue equipment would mask any s igna l s  the  trapped miner could gener- 
a t e .  Thus, times s p e c i f i c a l l y  designated f o r  seismic " l i s tening"  must be 
a l loca ted  and enforced. 
l ~ e o p h y s i c i s t ,  I n d u s t r i a l  Hazards and Communications Group (now with Sun O i l  
CO.  , Houston, Tex. ) . 
' ~ l e c t r o n i c s  technic ian ,  I n d u s t r i a l  Hazards and Communications Group. 
~ a t i o n a l  Academy of Engineering , Committee on Mine Rescue and Surviva l  Tech- 
niques. Mines Rescue and Survival .  National Technical Informat ion Ser - 
v i c e ,  PB 191 691, 1969. 
One poss ib le  way of reducing the e f f e c t  of sur face  noise  is  t o  place the  
geophones i n  the  mine, A s  with the  sur face  system, the  trapped miner would 
genera te  a s i g n a l  by s t r i k i n g  the mine rock. The r e s u l t i n g  v i b r a t i o n s  would 
be de tec ted  by geophones placed i n  the  mine, This r equ i re s  t h a t  geophones be 
i n s t a l l e d  i n  t h e  mine p r io r  t o  a d i s a s t e r ,  o r  t h a t  they be i n s t a l l e d  by a 
rescue crew a s  p a r t  of the  pos td i sas t e r  procedure, This r e p o r t  descr ibes  the  
makeup and t e s t i n g  of an in-mine seismic system f o r  t h e  de tec t ion  of trapped 
miners. No loca t ion  has been attempted wi th  t h i s  system. 
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I THE SEISMIC SYSTEM 
Several  geophone placement techniques have been t r i e d .  I n  one method a 
geophone was planted i n  the  mine f l o o r  and buried under seve ra l  inches of 
d i r t .  This burying reduced the  e f f e c t  of a i rborne  sound and improved coupling 
of the  geophone t o  the  ea r th .  I n  some t e s t s  seve ra l  geophones were connected 
t o  g ive  a s i n g l e  output ,  Ser ies ,  p a r a l l e l ,  and s e r i e s  - p a r a l l e l  combinations 
were used. This i s  r e f e r r e d  t o  a s  a geophone "array"; i n  these t e s t s  most 
a r r ays  cons is ted  of s i x  geophones i n  a hexagonal pa t te rn .  The hexagon has 
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s i d e s  about 6 f e e t  long. The a r r a y  geophones a r e  p lan ted  i n  t h e  f l o o r  and 
bur ied  i n  t h e  same manner a s  t h e  i n d i v i d u a l  f l o o r  geophone. 
S ince  mine f l o o r s  a r e  f r e q u e n t l y  muddy and/or a r e  under la id  by incompe - 
t e n t  rock ,  some geophones were a t tached  t o  roof  b o l t s .  As w i l l  be discussed 
l a t e r ,  res in-grouted  b o l t s  were p r e f e r r e d  bu t  were no t  always ava i l ab l e .  The 
roof  b o l t s  provided a  f i rm  coupl ing of t ransducer  t o  competent rock. 
The output  of t h e  geophone was recorded on a  seven- t rack  t ape  deck. 
Since geophone output  i s  very  small  ( u sua l ly  much l e s s  t han  1 m i l l i v o l t ) ,  
record  a m p l i f i e r s  were requi red .  Amplif ier  ga ins  were v a r i e d  from 20 db t o  
80 db, depending on t h e  expected s t r e n g t h  of t h e  s igna l .  
F igure  1 i s  a  schematic of t h e  record ing  system. The record  a m p l i f i e r s ,  
t ape  deck, and osc i l l o scope  a r e  a l l  b a t t e r y  powered. The geophones a r e  pas-  
s i v e  t ransducers  e l e c t r i c a l l y  i s o l a t e d  from ground. Hence, i f  c a p a c i t i v e  
coupl ing i s  n e g l i g i b l e ,  the  e n t i r e  sys -  
0 tem i s  ungrounded. Lockheed model 417 tape deck Figure  2  i s  a  schematic of t h e  playback system. Genera l ly  speaking t h e  I recorded s i g n a l  i s  a l r eady  a t  t h e  
lthaco model 4 5 4  
prefilter amplifier 
approp r i a t e  l e v e l  t o  d r i v e  t h e  record ing  
osc i l l og raph .  Thus the  ga ins  of bo th  
t h e  p r e f i l t e r  and p o s t f i l t e r  a m p l i f i e r s  
a r e  u sua l ly  near  u n i t y  and func t ion  p r i -  
mar i l y  a s  impedance matching u n i t s .  The 
f i l t e r s  a r e  i n f i n i t e l y  v a r i a b l e  i n  t he  
2- t o  20,000-Hz band wi th  a  r o l l o f f  of 
I 24 db per  octave.  
I Krohn-Hite model 3 5 5 0 R  variable filter The Tes ts  
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s i g n a l  was w e l l  above system background 
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FIGURE 3. - Schematic of deployed system. 
t h e  o s c i l l o s c o p e .  These a r e  a r ranged  a s  shown i n  f i g u r e  1. F igure  3 a l s o  
shows t h a t  t h e  ou tpu t  of  a geophone p laced  near  t h e  source  i s  wired back t o  
t r a c k  1 of  t h e  t a p e  deck. Th i s  geophone, r e f e r r e d  t o  a s  t h e  "source" geo- 
phone, i s  used t o  determine t h e  t ime t h e  s e i smic  s i g n a l  began. 
The a c t u a l  exper iments ,  once t h e  ins t ruments  have been deployed and 
checked, c o n s i s t  of -- 
1. Measuring t h e  d i s t a n c e  from t h e  geophone t o  t h e  p l a c e  where t h e  
t rapped  miner w i l l  gene ra t e  t h e  s i g n a l .  
2. P l a n t i n g  t h e  source  geophone w i t h i n  15 f e e t  of t h e  t rapped  miner. 
3.  S t r i k i n g  a roof  b o l t  (o r  f l o o r  o r  r i b )  10 t i m e s .  Usua l ly  a 5 -  t o  
10-pound draw b a r  o r  crow b a r  was used ,  a l though  some t e s t s  were conducted 
u s ing  a 12-pound s l e d g e ,  a t imber ,  a g e o l o g i s t ' s  p i ck ,  and even a ha rdha t .  
4 ,  Moving t o  t h e  nex t  l o c a t i o n  and r e p e a t i n g  t h e s e  s t e p s .  
R e s u l t s  
F igu re  4 i s  a  high-speed ( 1  inch  equa l s  0.05 s e c )  playback of a  t e s t  i n  
which t h e  sou rce - r ece ive r  d i s t a n c e  was about 550 f e e t .  This  r eco rd  c o n t a i n s  
many f e a t u r e s  common t o  most of t h e  r eco rd ings  s o  i t  w i l l  be d i scussed  i n  some 
d e t a i l .  The t op  t r a c e  ( t r a c e  1 )  r e p r e s e n t s  t h e  s i g n a l  a t  t he  source  geophone. 
The second t r a c e  ( t r a c e  2) k a s  recorded by a  s i n g l e  geophone p l an t ed  i n  t h e  
f l o o r .  Traces 3 and 4 were recorded from roof  b o l t  geophones. Each of  t h e  
l a s t  t h r e e  t r a c e s  r e p r e s e n t s  t h e  summed outpu t  of s i x  geophones; t h a t  i s ,  t h e  
a r r a y s  descr ibed  above. 
Traces 3 and 4 show ve ry  pronounced r i ng ing .  Such r i n g i n g  i s  common i n  
geophones a t t a ched  t o  roof  b o l t s .  On t r a c e s  2, 6 ,  and 7 two d i s t i n c t  a r r i v a l s  
a r e  noted.  By no t ing  t h e  a r r i v a l  t imes a t  t h e  source  (on t r a c e  1 )  and a t  t h e  
r eco rd ing  s i t e  (on t r a c e s  2 ,  6 ,  and 7) and by no t ing  t h e  d i s t a n c e  between them 
(550 f e e t  i n  t h i s  c a s e ) ,  a  v e l o c i t y  can  be computed. The f i r s t  a r r i v a l  has a  
v e l o c i t y  near  12,500 f p s ;  we p o s t u l a t e  t h a t  i t  i s  a  p-wave. The peak ampli-  
tude  i s  i n  t h e  second a r r i v a l  and has  a  v e l o c i t y  nea r  5,000 f p s .  S ince  t h e  
second a r r i v a l  has  t h e  h igher  ampli tude,  i t  i s  probably t h e  a r r i v a l  of g r e a t -  
e s t  i n t e r e s t  t o  t hose  t r y i n g  t o  d e t e c t  s i g n a l s .  I t s  ampli tude w i l l  be d i s -  
cussed  l a t e r .  
F igure  4 r e p r e s e n t s  t h e  r e s u l t s  of p lay ing  back through t h e  20- t o  200-Hz 
bandpass s e t t i n g  on t h e  f i l t e r s .  Tes t s  have been made u s ing  no f i l t e r s  and 
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FIGURE 4. - Recording, source receiver distance 550 feet. 
a l s o  using o the r  f i l t e r  s e t t i n g s .  The 20- t o  200-Hz s e t t i n g  seems t o  give t h e  
h ighes t  q u a l i t y  records.  
Three t r i p s  t o  opera t ing  coa l  mines (two t r i p s  t o  the  Arkwright mine, 
near  Morgantown, W. Va., and one t r i p  t o  t h e  Loveridge mine, near Fairview, 
W. Va.) were made during t h i s  p ro jec t .  Typical ly 30 o r  40 recordings were 
made during each v i s i t .  I n  l i e u  of i nd iv idua l ly  descr ib ing  each r eco rd ,  t he  
r e s u l t s  of a l l  t h r e e  t r i p s  a r e  summarized below. 
1. The records made when the  source i s  not i n  the  same e n t r y  a s  the  
r ece ive r  do not d i f f e r  from those made when source and r ece ive r  a r e  i n  the  
same ent ry .  Hence it i s  concluded t h a t  t he  s igna l s  a r e  not  guided by t h e  mine 
t unne 1. 
2. P-wave and second a r r i v a l  v e l o c i t i e s  a t  t he  Arkwright mine a r e  near 
15,000 fps  and 5,000 f p s ,  respec t ive ly .  These a r e  somewhat higher  than t h e  
v e l o c i t i e s  (12,500 fps  and 5,000 fps )  recorded a t  Loveridge mine. 
3. Hoof b o l t s  held i n  p lace  by an expansion anchor tend t o  resonate  with 
a  frequency s l i g h t l y  over 100 Hz. These b o l t s  may r i n g  f o r  up t o  1 sec  follow- 
ing  a  s i n g l e  impulse. A t  t h e  Bruceton Safe ty  Research Mine a  geophone was 
a t tached t o  a  resin-grouted roof b o l t .  No r ing ing  was encountered wi th  t h a t  
roof b o l t .  No res in-grouted  roof b o l t s  were a v a i l a b l e  a t  t he  opera t ing  coa l  
mines. 
4.  A 20- t o  200-Hz bandpass f i l t e r  s e t t i n g  gave the  bes t  r e s u l t s  a t  both 
mines. 
5. Arrays of s i x  geophones d id  not perform not iceably  b e t t e r  than s i n g l e  
geophones. It i s  noted t h a t  a r r ays  a r e  use fu l  i n  d iscr iminat ing  between s i g -  
n a l  and no i se  on t h e  b a s i s  of the  d i r e c t i o n a l  c h a r a c t e r i s t i c s  of these  compo- 
nents .  For example, i n  o i l  exp lo ra t ion  geophone a r r ays  a r e  used t o  reduce 
ho r i zon ta l ly  propagating noise  while  r e in fo rc ing  v e r t i c a l l y  propagating s igna l .  
We hypothesize t h a t  both s i g n a l  and noise a r e  generated i n  t h e  mine and hence 
have t h e  same d i r e c t i o n a l  c h a r a c t e r i s t i c s .  Thus the  a r ray  does not improve 
s i g n a l  -noise r a t i o .  
6. The geophones used i n  the  Loveridge mine were placed wi th in  100 f e e t  
of an a r e a  undergoing r e t r e a t  mining. Despite t h e  cons iderable  roof working 
and noise  of roof f a l l s ,  the  system worked well .  
7. A t  both opera t ing  mines, s i g n a l s  a r e  c l e a r l y  de tec t ab le  a t  d is tances  
of more than  1,000 f e e t  from t h e  source and cannot be de tec ted  a t  d i s t ances  of 
1,500 f e e t .  Hence t h e  range of t h e  system i s  between 1,000 and 1,500 f e e t .  
Peak Amplitudes and Attenuat ion 
To d a t e  we have seen no t h e o r e t i c a l  explanat ion  of the  second a r r i v a l  i n  
f i g u r e  4. We do not intend t o  provide such an explanat ion here.  Ins tead ,  two 
empir ica l  formulas descr ib ing  s i g n a l  a t t e n u a t i o n  w i l l  be discussed.  
I n  descr ib ing  the  a t t e n -  
ua t ion  of seismic waves pro-  
DISTANCE FROM SOURCE, ft 
FIGURE 5. - Observed and predicted amplitudes. expressed i n  f e e t ,  c i s  near  
0.004. 
Figure 5 shows t h e  observed and predicted amplitudes a t  the Loveridge 
mine f o r  a s i n g l e  roof-bolt-mounted geophone. The dashed l i n e  i n d i c a t e s  decay 
by an R'a r u l e ,  where a = 1.98 with a s tandard dev ia t ion  of 0.11. The s o l i d  
-c R 
l i n e  i n d i c a t e s  decay by t h e  r u l e ,  where c = 0.0045 with a s tandard dev i -  
a t i o n  of 0.06. The r e s i d u a l  var iance  using t h e  f i r s t  r u l e  i s  31.2; using the  
second r u l e  i t  i s  16.0. This i n d i c a t e s  t h a t  t he  second r u l e  i s  more accura te  
than the  f i r s t .  
duced by explos ives ,  s eve ra l  
Bureau of Mines inves t iga -  
t o r s 4  used a r e l a t i o n  i n  
which peak p a r t i c l e  v e l o c i t y  
i s  assumed t o  decay as  R'a,  
where R i s  d i s t ance  from t h e  
source and a i s  a constant  
i n  the  range 1.1-1.6. The 
exac t  va lue  of a i n  our 
t e s t s  depends on the  mine 
and the  geophone loca t ion ,  
but  leas t - squares  f i t s  i n d i -  
c a t e  va lues  f o r  a of between 
1.9 and 2.6 with a s tandard 
dev ia t ion  on the  order  of 
0.1. These va lues  a r e  
apprec iably  higher than 
those i n  the  explosive 
t e s t i n g .  
A b e t t e r  f i t  t o  expe r i -  
mental d a t a  was obtained 
assuming decay i s  propor- 
-c R 
t i o n a l  t o  , where c i s  
a cons tant  which cha rac te r -  
i z e s  t h e  mine geology and 
the  geophone placement. 
When peak p a r t i c l e  v e l o c i t y  
K, i s  expressed i n  inches per  
second and range R i s  
4Condon, J. L., J. N. Murphy, and D. E .  Fogelson. Seismic E f f e c t s  Associated 
With an Underwater Explosive Research F a c i l i t y .  BuMines R I  7387, 1970, 
20 PP. 
CONCLUSIONS 
The range of t h i s  system i s  between 1,000 and 1,500 f e e t .  An emergency 
v e r s i o n  of t he  system could be s e t  up and checked i n  l e s s  than 30 minutes.  
Such a system would weigh about 100 pounds and f i t  i n  a  1- by 2 -  by 4-foot  
box. No e l abora t e  s i g n a l  processing would be requi red;  r ea l - t ime  r e s u l t s  a r e  
poss ib le .  An ope ra t iona l  v e r s i o n  of t h e  t e s t  equipment would r equ i re  one 
t runk t h a t  would be taken i n t o  the  mine, one t runk containing spare  p a r t s  and 
r e p a i r  equipment, and a  t h i r d  t runk t h a t  would con ta in  f i l t e r s  and o the r  
equipment t o  al low more d e t a i l e d  d a t a  processing,  
Geophones should be a t tached t o  resin-grouted roof b o l t s w h e n a v a i l a b l e , o r  
t o  f i rmly  s e t  conventional  b o l t s  when necessary. The b e s t  s ignal -genera t ing  
technique i s  t o  s t r i k e  a  roof b o l t  with a  5- t o  10-pound metal  bar .  I f  it 
appears dangerous t o  s t r i k e  t h e  roof  b o l t s ,  a  competent po r t ion  of the  mine 
roof ,  f l o o r ,  or  r i b  should be s t ruck .  When a metal  bar  i s  no t  a v a i l a b l e ,  
o b j e c t s  such a s  t imbers ,  hammers, o r  even hardhats  can be used a s  s i g n a l  
sources. 
